Background-Animal studies have shown that stress is associated with damage to the hippocampus, inhibition of neurogenesis, and deficits in hippocampal-based memory dysfunction. Studies in patients with posttraumatic stress disorder (PTSD) found deficits in hippocampal-based declarative verbal memory and smaller hippocampal volume, as measured with magnetic resonance imaging (MRI). Recent preclinical evidence has shown that selective serotonin reuptake inhibitors promote neurogenesis and reverse the effects of stress on hippocampal atrophy. This study assessed the effects of long-term treatment with paroxetine on hippocampal volume and declarative memory performance in PTSD.
Introduction
A wide range of evidence from animal studies has demonstrated memory deficits and damage to the hippocampus, a brain area that plays a critical role in learning and memory, after exposure to stress (Lupien and Lepage 2001; Sapolsky 1996; Vermetten and Bremner 2002) . Several mechanisms have been proposed for this finding, including high levels of glucocorticoids released during stress Sapolsky et al 1990) , increased production of corticotrophin-releasing factor (Brunson et al 2001) , increased release of excitatory amino acids (Moghaddam 2002; Moghaddam et al 1994) , inhibition of neurogenesis (Gould et al 1997) , and/or stress-related inhibition of brain-derived neurotrophic factor (BDNF) (Nibuya et al 1995; Smith et al 1995) . Treatment with selective serotonin reuptake inhibitors (SSRIs) has demonstrated reversal of hippocampal atrophy and promotion of neurogenesis (Duman et al 2001; Malberg et al 2000) .
Adults with posttraumatic stress disorder (PTSD) related to combat exposure or childhood physical or sexual abuse have been shown to have reduced hippocampal size on magnetic resonance imaging (MRI) when compared with healthy or trauma control subjects (Bremner et al 1995a (Bremner et al , 1997 Gurvits et al 1996; Stein et al 1997; Villarreal et al 2002.) Trauma at different stages of life (early childhood abuse as well as trauma in later life [e.g., due to combat]) has been thought to influence hippocampal volume. Several clinical studies have also reported alterations in learning and memory in patients with PTSD, which are consistent with both deficits in encoding on explicit memory tasks and deficits in retrieval, as well as enhanced encoding or retrieval for specific trauma-related material (Andrews et al 2000; Buckley et al 2000; Gilbertson et al 2001; Pitman 1989; Roca and Freeman 2001; Vasterling et al 1998; Wolfe and Schlesinger 1997) . The majority of these studies found deficits in verbal memory, with a relative absence of deficits in tasks of attention or visuospatial memory. The alterations varied from self-reported difficulties in memory (Thygesen et al 1970) to impairments of verbal declarative memory (Bremner et al 1993a (Bremner et al , 1995b Gilbertson et al 2001; Jenkins et al 1998; Moradi et al 1999; Sutker et al 1991; Uddo et al 1993; Yehuda et al 1995) . These studies, which involved heterogenous groups of trauma populations and comorbidity status, all reported specific deficits in explicit memory function in PTSD (with no change in intelligence quotient). Some studies report that the memory impairments could not be accounted for by attentional disturbances or intellectual functioning (Gilbertson et al 2001; Vasterling et al 2002) ; others do report evidence of attentional and/or executive dysfunction in PTSD (Semple et al 1996) . Some studies did not report specificity of verbal declarative memory deficits in PTSD (Crowell et al 2002; Dalton and Pederson 1989; Zalewski et al 1994) .
Studies in patients with epilepsy have shown a correlation between deficits in verbal declarative memory and decreased density of neurons in the hippocampus (Sass et al 1990) . Patients with Cushing's disease (in which there are abnormally high levels of cortisol in the plasma) had deficits in verbal declarative memory and smaller hippocampal volume; smaller hippocampal volume was correlated with elevations in plasma cortisol levels. Treatment of hypercortisolemia was associated with a significant increase in hippocampal volume and improvement in verbal declarative memory function, suggesting that hippocampal damage is reversible (Bourdeau et al 2002; Starkman et al 1999 Starkman et al , 2003 .
Neurons within the hippocampus were found to be unique within the brain in showing the capacity to regenerate themselves (Gould et al 1998) . Studies in animals have demonstrated that several agents (e.g., phenytoin, tianeptine, dehydroepiandrosterone, and the SSRI fluoxetine) might block or modulate the effects of stress on the hippocampus (Czeh et al 2001; Malberg et al 2000; Manev et al 2001; Watanabe et al 1992) . Selective serotonin reuptake inhibitors also promote neurogenesis in the hippocampus through a regulation of BDNF and cyclic adenosine monophosphate (cAMP), with long-term effects on brain function (Duman et al 2001) . In these studies it was chronic, but not acute, administration of these drugs that induced the changes in morphology (Nibuya et al 1996) .
Several prior studies have demonstrated the efficacy of paroxetine on clinical measures of PTSD (Marshall et al 1998 (Marshall et al , 2001 Tucker et al 2001) , but no studies have yet looked at the effects of paroxetine-or any medication, for that matter-on verbal declarative memory or other cognitive functions in PTSD. An important question related to the effects of stress on the hippocampus was whether these memory deficits and the hippocampal atrophy in traumatized patients with PTSD are reversible. The purpose of this study was, therefore, to assess the effects of treatment with the SSRI paroxetine on these parameters. We hypothesized that patients who responded to treatment with paroxetine would also demonstrate an improvement in declarative memory performance and show increased hippocampal volume.
Methods and Materials

Subjects
Patients with symptoms of PTSD were recruited by advertisements in newspapers and flyers. Some patients in this study were part of a national double-blind trial of paroxetine compared with placebo in PTSD. After 12 weeks of participation in the study, subjects were offered participation in an extension phase of 9 months open-label treatment of 10-50 mg paroxetine per day. After initial phone screening, a total of 46 patients were invited to participate in the study. Eighteen patients did not complete the baseline assessments or were found ineligible (because of positive drugs screen, score of less than 50 on the ClinicianAdministered PTSD Scale [CAPS], or incomplete baseline assessment). Twenty-eight patients were found to be eligible and started the medication phase. Eleven patients of this group participated in the double-blind trial and received placebo or 20-50 mg of paroxetine for 12 weeks before open-label treatment. Seventeen patients started directly with the openlabel treatment. The patients who had participated in the double-blind study were washed out according to the study protocol, including patients who had received active drug and patients who might have received placebo. The blind, however, was not broken for this purpose. Of the total patient sample that started the long-term medication phase, five patients did not finish this long-term treatment phase, owing to noncompliance; 23 patients completed the study. Demographic and clinical characteristics of these 23 patients are shown in Table 1 .
All baseline assessments, including neuropsychological testing and MRI acquisition, were performed before subjects started in the double-blind trial or open-label medication phase. A placebo control was not included in this study because it was not known whether relatively short-term treatment (e.g., 12 weeks) would result in hippocampal changes, and it was considered unethical to provide long-term placebo treatment. All participating patients were outpatients. They were assessed for the presence of a diagnosis of PTSD based on the DSM-IV criteria for PTSD as determined with the Structural Clinical Interview for DSM-IV (Spitzer 1994) , consensus diagnosis by three research psychiatrists (EV, MV, and JDB), and a score of greater than 50 on the CAPS, current symptoms version (Blake et al 1995) . In patients with comorbid disorders, PTSD symptom onset had to predate the onset of comorbid psychopathology. Patients were excluded who had a serious medical or neurologic illness on the basis of history and physical examination, laboratory testing, and electrocardiogram; a history of psychotherapeutic treatment within 3 months of the start of the study; or a positive toxicology screening. Female subjects were required to have a negative pregnancy test before the study. Patients with a history of alcohol or drug abuse 6 months before the study, as well as current alcohol abuse or drug use, were excluded from participation. All patients were medication free for at least 4 weeks before participation in the study. During the study, no concomitant antidepressant or neuroleptic medication was allowed. After complete explanation of the study procedures and before entering the study, written informed consent was obtained. This study was approved by the investigational review board of Yale University and was prepared in accordance with the ethical standards laid down in the Declaration of Helsinki.
History of childhood trauma was assessed with the Early Trauma Inventory (ETI). This is a 56-item instrument for measurement of childhood traumatic experiences that assesses physical, emotional, and sexual abuse, as well as general traumatic events. The ETI has been demonstrated to be reliable and valid in the assessment of childhood trauma (Bremner et al 2000) .
The mean age of the patients was 45.3 years (SD = 8.4). The patient group consisted of 14 women (average age 44.0 years, SD = 9.7) and 9 men (average age 47.2 years, SD = 6.0). Their mean education level was 15.6 years (SD = 2.9). Of the participating patients, 21 were white (91.3%), one was black (4.3%), and one was Hispanic (4.3%). Trauma exposure occurred in 12 patients in childhood and in 11 patients in adult life. Some patients who demonstrated symptoms related to an adult trauma later reported also having had childhood traumatic experiences with which they also would have met criterion A1 of the DSM-IV diagnosis ("experienced, witnessed or have been confronted with an event that involved actual or threatened death or serious injury, or a threat to the physical integrity of self or others"). Two patients were Vietnam combat veterans, the others were civilian trauma patients.
Of the 23 study completers, 11 patients (48%) had a lifetime diagnosis of major depressive disorder, five (21%) had a current depressive disorder, and one (4%) was also diagnosed with dysthymia. Two patients (8%) also had a comorbid panic disorder without agoraphobia, five (21%) met criteria for generalized anxiety disorder, and three (13%) met criteria for social phobia. Thirteen patients (56%) had PTSD as a sole diagnosis without comorbidity (see Table 1 ). There was no significant difference in the male versus the female patient group on the scores on ETI, Wechsler Adult Intelligence Scale-Revised (WAIS-R), or CAPS.
Neuropsychological Assessments
Before patients started the medication phase, three standardized neuropsychological tests were administered.
To assess the intellectual level for each subject, patients were administered four tests of the WAIS-R (Wechsler 1981) : the arithmetic, vocabulary, picture arrangement, and block design test.
Two subtests of the Wechsler Memory Scale-Revised (WMS-R; Wechsler 1987) were administered. The tests included logical memory (free recall of two story narratives, which represents verbal memory) and figural memory (which represents visual memory and involved reproduction of designs after a 6-sec presentation). For both subtests, immediate and delayed (after a 30-minute interval) reproduction were tested, and a percentage of retention was computed (calculated as delayed/ immediate × 100).
The verbal and visual components of the Selective Reminding Test (SRT; Hannay and Levin 1985) were administered. The verbal task is a measure of verbal learning in which words are presented for immediate recall. On subsequent trials only the words not recalled on the prior trial are presented. The task is complete after two consecutive perfect recall trials or 12 presentations. The visual component is modeled on the verbal test; simple figurative designs are presented one at a time for 3 sec each, followed by an opportunity to draw all from memory. Each design that is not accurately reproduced on a given trial is shown again until perfect recall is attained or 12 trials are reached. Five indexes of learning and memory are obtained from each of the selective reminding tests: total recall, long-term retrieval, longterm storage, list learning (continuous long-term retrieval), and delayed recall.
Magnetic Resonance Imaging
Magnetic resonance images were acquired on a 1.5-T GE Electric Signa Camera (General Electric Medical Systems, Milwaukee, Wisconsin) with a protocol previously described (Bremner et al 1995a) . Only sagittal images were acquired. Acquisition parameters were as follows: T1-weighted, three-dimensional volume spoiled gradient recall sequence, repetition time = 24 msec, echo time = 5 msec, 45° flip angle, 256 × 196 matrix, field of view = 30 cm, number of excitations = 2, slice thickness = 1.2 isotropic voxel, no skip (total scan time 20 min). Images were transferred through a computer network to a Sun Sparc80 Workstation (Sun Microsystems, Santa Clara, California), on which volumetric measurements were performed. No software or hardware upgrades were made during the course of the study.
Treatment Phase
Medication was prescribed in the first visit after the pretreatment assessments. The patients who started with the double-blind phase for a period of 12 weeks were tapered off and then started with open-label paroxetine at a dose of 10 mg daily and were titrated up to 20 mg in 4 days. All other patients started directly on open-label paroxetine in this way. If patients reported adverse effects or were concerned about any symptoms during treatment, they could call a 24-hour answering service that was linked to an on-call physician. If patients did not respond to the medication, the dosage was increased in 10 mg increments up to a maximum of 50 mg/day. This was similar for the double-blind and for the open-label phase. Follow-up visits were scheduled every other week from weeks 1 to 12 and every 4 weeks from weeks 12 to 36. No systematic psychotherapeutic procedure was administered in the study phase. Medication was dispensed every visit to enhance compliance and reduce chance of misuse. Average dose of paroxetine in participating patients (n = 28) was 20 mg (range 10-30 mg). Five patients did not complete the study owing to medication noncompliance, for a total completion sample of n = 23. Main reason for drop-out was protocol noncompliance: two patients reported to have used drugs (cannabis and cocaine) while using medication, one patient failed to attend follow-up visits as of week 24 of the study, one was relocated because of the start of a new job right after completion of the baseline assessments and therefore could not continue, and one patient was hospitalized and could for this reason not attend to follow-up visits. One patient participated for 14 weeks then, despite good clinical efficacy, stopped taking the medication because of complaints of loss of libido. He used herbal medication for 6 weeks, during which his libido returned as well as his PTSD symptoms. He requested a restart in the study, used paroxetine for 9 months and finished the protocol. All other patients were maximally compliant with the study protocol.
After 36-48 weeks, at the time of study completion, the CAPS as well as WMS-R and SRT were readministered. Magnetic resonance image acquisition was also repeated. After study completion, patients were referred for ongoing treatment if necessary.
Statistical Analyses
Clinical effect was analyzed with a paired-samples t test. Before analysis of neurocognitive data, we examined demographic variables, trauma variables, treatment, and clinical outcomes in the patients who completed the treatment phase. Paired-samples t tests were used to compare pretreatment and posttreatment assessments on each of the subcomponents of the WMS-R and SRT. Two-tailed tests of significance were used throughout. Based on our prior studies, we specifically hypothesized improvement in WMS-R percent retention and SRT long-term retrieval for verbal tests only. Visual measures were performed to demonstrate specificity. Significance was defined as p < .05. Morphometric data were subjected to repeated-measures analyses of variance (ANOVA) with side (left/right) as the repeated factor. This method was used to analyze hippocampal volume before and after treatment. The potentially confounding factor of whole brain volume was added in the analysis. Here, significance was also defined as p < .05.
Volumetric Analyses
Volumetric measurement of the hippocampus was performed in one run by a single trained rater (EV) who was blind to treatment phase. All MRI scans were stripped of the header. The commercial software package Analyze (Biomedical Imaging Resource, Mayo Foundation, Rochester, Minnesota; Robb et al 1989) was used to reslice MRI coronal scans to correct for head rotation and to create slices in a parallel-oblique coronal plane perpendicular to the long axis of each hippocampus (right and left) separately. First, correction for head rotation was achieved with use of anatomic landmarks, including the internal auditory canal and the seventh and eighth cranial nerve. Then, two midhippocampal points separated by 15 mm were selected to construct a line that defines the long axis of the hippocampus. A third midhippocampal point in the opposite hippocampus was then selected to define a plane parallel to the long axes of both hippocampi. A series of oblique images was constructed perpendicular to this plane to create images orthogonal to the long axis of the hippocampus. Measurement of whole hippocampal volume was performed by drawing hippocampal volume with a mouse-driven cursor on 1.0-mm-thick slices from posterior to anterior in every consecutive slice, starting at the slice where the pulvinar of the thalamus interrupts the fornix superiorly (used as the posterior landmark of the hippocampus). The superior border of the hippocampus was determined, including gray matter, alveus, and fimbriae. The inferior border was assessed, including the subiculum. A straight line from the inferior subcortical white matter extending medially was used to disconnect the parahippocampal gyrus from the subiculum. Working from posterior to anterior, in several slices around the area displaying the basilar artery, both hippocampus and amygdala were visible. The uncal recess of the temporal horn of the lateral ventricle was used as the most reliable way to separate the hippocampal head from the amygdala. If the uncal recess was not prominent, we traced along the alveus or connected the inferior horn of the lateral ventricle to the sulcus at the inferior margin of the semilunar gyrus. Previous studies have demonstrated high interrater reliability for hippocampal measurements (Bremner et al 1997; Schmahl et al 2003; Vythilingam et al 2002) . Accuracy of method of hippocampal volume measurement for this data set was checked with reliability analysis. Intraclass correlation coefficient α for hippocampal volume was .925. Whole brain volumes were assessed by tracing the outline of the brain (excluding cerebellum) in all axial slices in which it was visualized. Variance in the hippocampal measurements and in the whole brain volumes preand posttreatment was comparable.
Results
Paroxetine treatment resulted in a mean 54% reduction (85.3% [SD 22 .45%] to 38.6% [SD 28 .2%]) in PTSD symptoms as measured with mean changes from baseline on the CAPS total score [t(1,22) = 7.10, p = .000] among study completers. Improvement was equally strong on all symptom cluster scores (re-experiencing, avoidance/ numbing, hyperarousal) (Figure 1 ).
Treatment also resulted in significant improvements in verbal declarative memory, as measured with the WMS-R paragraph recall, for delayed recall [22.1-27.7, t(1,22 [72.6-84.4; t(1,20) = −1.96, p= .064]. Improvements were significant on all subscales of the verbal component of the SRT, including long-term retrieval and delayed recall, which was not significant in the visual component of the scale [11.6-11.7; t(1,22) =−.646, p = .525] (see Table 2 ).
The individual pretreatment and posttreatment effects per patient are displayed in Figure 2 .
Repeated-measures ANOVA with side as the repeated measure showed a main effect for treatment related to a 4.6% increase in mean hippocampal volume (1857.3 mm 3 [SD 225.6 (p = .17) . Increase in hippocampal volume was significant after adding whole brain volume before and after treatment to the model. Individual pretreatment and posttreatment effects per patient are displayed in Figure 3 .
There was no correlation between change in CAPS or memory and change in hippocampal volume with treatment. There were no significant gender-specific differences in the patients on the visual memory components of WMS-R or SRT. Analyzing the data per gender did not change the specificity of the improvement in delayed verbal memory as opposed to visual memory. No significant relationships were found between age, ETI index score, trauma onset, and WAIS-R with memory improvement. A positive relationship was found between ETI index score and improvement with treatment on the CAPS avoidance subscale [F(1,17) = 4.78, p < .05]. A positive correlation was found between absence of lifetime depression and improvement on CAPS [F(1,18) = 2,72, p = .007]. There was no correlation with increase in hippocampal volume in this group.
Discussion
Our findings of clinical efficacy of paroxetine are in line with earlier reports of open-label (Marshall et al 1998; Smajkic et al 2001) and placebo-controlled studies (Marshall et al 2001; Tucker et al 2001) that showed a similar drop in CAPS scores in PTSD. Treatment led to a significant improvement in verbal declarative memory function. The difference in immediate and delayed memory performance, which is best reflected by the percent retention score, improved significantly for verbal memory. This was not seen for figural memory. Patients with PTSD showed a 4.6% increase in hippocampal volume with 9-12 months of treatment. These findings suggest that clinical successful treatment with paroxetine results in reversal of stress-induced hippocampal atrophy in patients with a history of traumatic stress and the diagnosis of PTSD. Changes in hippocampal volume were not associated with improvement in PTSD symptoms measured with the CAPS. This is the first published study in humans in which an increase in hippocampal volume after treatment was found and the first study of the effects of treatment on cognitive function in PTSD.
Our findings are consistent with preclinical studies showing that SSRIs in the hippocampus promote neurogenesis and reverse hippocampal damage (Duman et al 2001) . Animal studies have demonstrated several agents with potentially beneficial effects on stress-induced hippocampal damage. It has been found that phenytoin blocks the effects of stress on the hippocampus, probably through modulation of excitatory amino acid-induced neurotoxicity (Watanabe et al 1992) . Other agents, including tianeptine, dehydroepiandrosterone, and fluoxetine have similar effects (Czeh et al 2001; Kimonides et al 1998; Malberg et al 2000) . These medications might share a common mechanism of action through upregulation of cAMP response element binding protein (CREB) that might lead to regulation of expression of specific target genes involved in structural modeling of the hippocampus. Such treatment effects on BDNF and tyrosine receptor kinase B (trkB) messenger ribonucleic acid (mRNA) can have long-term effects on brain structure and function. Preclinical studies showed that chronic, but not acute, administration of several different classes of antidepressants, including serotonin-and norepinephrine-selective reuptake inhibitors, increase the expression of CREB mRNA (Frechilla et al 1998; Nibuya et al 1996) . Interestingly, in contrast, chronic administration of several nonantidepressant psychotropic drugs did not influence expression of CREB mRNA, which demonstrates the pharmacologic specificity of this effect (Nibuya et al 1996) .
Although several structural MRI studies reported smaller hippocampal volume in patients with PTSD, there is controversy regarding the nature and source of these hippocampal volume changes in PTSD. A recently published study supported smaller hippocampal volume as a vulnerability factor to PTSD (Gilbertson et al 2002) . This study questions the nature of the hippocampal volume reductions in PTSD as being secondary to the neurotoxic effects of trauma. To attribute smaller hippocampal volume in PTSD as being entirely related to hereditary factors must be taken with caution. Multiple lines of evidence demonstrate that exposure to repeated stressors increases the probability of pathology with re-exposure to stress (Bremner et al 1993b) . Also, if only genetic factors are related to smaller hippocampal volume in PTSD, then it would be unlikely that SSRI treatment would lead to an increase in volume.
We did not find a significant relationship between improvement on memory performance and hippocampal volume. The small magnitude of change in hippocampal volume might limit our ability to find correlations between this and other parameters. The hypotheses that increased hippocampal volume is secondary to a promotion of neurogenesis by SSRIs should be interpreted with caution. There are other possible explanations for our findings, such as changes in water content in the hippocampus that could lead to an increase in hippocampal volume. Other limitations should be considered when interpreting our findings. We did not include other brain regions, except for whole brain, to assess specificity of changes in hippocampal volume; for example, a comparable effect for caudate nuclei volumes (5.7% increase) was found in first-episode schizophrenic patients taking typical antipsychotic medication (Chakos et al 1994; Lieberman et al 2001) . We did not include a wait-list or control group that would have enabled us to assess the specific effects of treatment and take into consideration time effects that are independent of group and treatment. We also did not include a control group because we speculated that long-term treatment might be required for effects on memory and hippocampal volume and did not feel that it was ethical to treat patients with placebo for 9-12 months. Future studies should include control groups and shorter periods of treatment. There might have been a practice or learning effect related to the repeat of neuropsychological testing before and after treatment (Ryan et al 1981; Theisen et al 1998) . This is probably unlikely, however, because of the long period of 1 year before the second testing session and the relative lack of improvement in visual compared with verbal memory. We also did not look at depression posttreatment. It might also be that increase in hippocampal volume is related to improvement of depressive symptoms.
These findings might have clinical implications for PTSD. If treatment with medications such as paroxetine reverses stress-induced hippocampal damage, it might lead to an improvement in memory and cognition in PTSD. Our study, showing an improvement in hippocampal based declarative memory function with paroxetine in PTSD, is consistent with this. Also, reversal of hippocampal atrophy with improvement in memory function might help PTSD patients deal with stressful traumatic memories and cope better with daily life hassles and lead to a better long-term recovery. Changes in the Clinician-Administered Posttraumatic Stress Disorder (PTSD) Scale (CAPS) after long-term treatment. 
